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In this note, we wish to point out that recent observations 

from satellites indicate a similarity between the low-energy, 

relativistic cosmic-ray electron and proton differential velocity 

spectra. This suggests a new point of view: that the total 

numbers of electrons and of charged nucleons in cosmic radiation 

are equal. The implications of this equality and of the low- 

energy spectral forms are discussed. In particular, the Fermi- 

like acceleration of protons and of electrons from distributed 

rather than from discrete sources is implied. L, ' 
\ 

During the last several decades it has become generally 

accepted that cosmic radiation consists of positively charged 

particles, mostly protons, with a fraction of alphas and other 

f i x l e i .  Yezsvrements of cosmic rays with energies above several 

BeV indicated that an upper limit to the electron-photon com- 

ponent is below one percent of this primary radiation 1,2. 

the observation of radio emission from the galaxy implied that 

high-energy electrons should indeed be present there, but with 

a small fraction of the galactic proton intensity. Electrons with 

medium energies, in the BeV region, were subsequently found at 

Further, 

.. 
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b a l l o o n  a l t i t u d e s 3 y 4  w i t h  a n  i n t e g r a l  i n t e n s i t y  on ly  a few per -  

c e n t  t h a t  of a l l  cosmic r a y s .  More r e c e n t l y ,  e l e c t r o n s  w i t h  o r d e r s  

of magnitude lower e n e r g y ,  i n  t h e  few-MeV r e g i o n ,  were found i n  

i n t e r p l a n e t a r y  s p a c e  5 . We assume,  a s  a working h y p o t h e s i s ,  t h a t  

t h e  e l e c t r o n s  of these  ex t r eme ly  low e n e r g i e s  are a l s o  cosmic r a y s ;  

a s  d i s c u s s e d  by t h e  o b s e r v e r s ,  a l l  of t h e  p r o p e r t i e s  of t h i s  com- 

ponent are  c o n s i s t e n t  w i t h  g a l a c t i c  o r i g i n ,  and none are  incon-  

s i s t e n t  w i t h  i t .  The i n t e g r a l  i n t e n s i t y  of t h e s e  e l e c t r o n s  is 

below 1 0  p e r c e n t  of  t h e  t o t a l  observed  cosmic-ray i n t e n s i t y ,  b u t  

t h e  spec t rum rises towards  t h e  lower e n e r g i e s ,  imply ing  t h a t  a 

g r e a t e r  number may be p r e s e n t  t h e r e .  R a t h e r  t h a n  d e s c r i b i n g  t h e  

e l e c t r o n  and nuc leon  o b s e r v a t i o n s  i n  t e r m s  of ene rgy  or of r i g i d -  

i t y ,  a s  is u s u a l l y  t h e  custom, w e  choose a parameter  based  on 

v e l o c i t y  a l o n e ,  t h e  t o t a l  ene rgy  p e r  u n i t  m a s s ,  Y = ( 1  - p2) 

We b e l i e v e  t h i s  t o  be t h e  a p p r o p r i a t e  u n i t  a t  t h e  low cosmic-ray 

e n e r g i e s  for c o n s i d e r i n g  a c c e l e r a t i o n  and p r o p a g a t i o n ;  F e r m i ' s  

model of cosmic r a y  a c c e l e r a t i o n 6  depends o n l y  on y , and P a r k e r ' s  

model of modulat ion a t  a s y m p t o t i c a l l y  l o w  p a r t i c l e  r i g i d i t y 7  de- 

pends on ly  on p ,  independent  of o t h e r  p a r a m e t e r s  s u c h  as  m a s s  

or c h a r g e .  I t  is p o s s i b l e  t h a t  combina t ions  or v a r i a t i o n s  of 

these models d e s c r i b e  a grea t  s h a r e  of low-energy cosmic-ray 

b e h a v i o r .  The d i f f e r e n t i a l  i n t e n s i t i e s  dJ/dY of t h e  e l e c t r o n s ,  

1 
-2 . 

p r o t o n s ,  and a l p h a s  of l owes t  obse rved  e n e r g i e s  598,9910911 a re  

shown i n  F igu re  l a .  Throughout t h e  r e g i o n  y < 2 ,  t h e  p r o t o n  and 

a l p h a  o b s e r v a t i o n s  f i t  a common c u r v e  when t h e  a l p h a  i n t e n s i t i e s  
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are  m u l t i p l i e d  by an  abundance c o r r e c t i o n  of abou t  5 .  An a n a l y t i c  

expi-eSSiCE12 which f i t s  these 1963 p r o t o n  and a l p h a  data  th roughou t  

t h e  low-energy r e g i o n  is p l o t t e d  a s  a dashed  cu rve  i n  o r d e r  t o  pro- 

v i d e  a comparison w i t h  t h e  e l e c t r o n s .  W e  n o t e  t h a t  t h e  e l e c t r o n s  

i n  t h e  6 y < 2 5  r e g i o n ,  w i t h i n  t h e  measureme=* crrcrs ,  h s v e  

n e a r l y  t h e  same s p e c t r a l  d i s t r i b u t i o n  as  t h e  p r o t o n s .  Un l ike  t h e  

case of t h e  a l p h a s ,  no r e l a t i v e  abundance c o r r e c t i o n  is needed;  

t h e  two s p e c t r a  have t h e  same s l o p e  - and t h e  s a m e  c o e f f i c i e n t .  If 

i t  is found ,  a s  t h e  d a t a  s u g g e s t ,  t h a t  t h e  e l e c t r o n  i n t e n s i t y  con- 

t i n u e s  t o  i n c r e a s e  w i t h  t h e  same s l o p e  towards  t h e  n o n - r e l a t i v i s t i c  

r e g i o n  where most of t h e  p r o t o n s  are found ,  it w i l l  r e s u l t  t h a t  

t h e  t o t a l  numbers of e l e c t r o n s  and of p r o t o n s  are e s s e n t i a l l y  

e q u a l .  S i n c e  p r o t o n s  c a r r y  t h e  bu lk  of t h e  p o s i t i v e  cha rge  i n  

cosmic r a y s ,  i t  is w i t h i n  t h e  measurement errors t o  f u r t h e r  

s p e c u l a t e  t h a t  cosmic r a d i a t i o n  is n e u t r a l .  Thus ,  t h e  h i s t o r i c a l  

p o i n t  of  view t h a t  t h e  cosmic-ray e l e c t r o n / p r o t o n  r a t i o  is s m a l l  

a r o s e  from o b s e r v i n g  and d i s c u s s i n g  d a t a  w i t h  a d e t e c t i o n  b i a s  

based  on e n e r g y ,  ra ther  t h a n  on v e l o c i t y .  

e 

T h i s  a s s e r t i o n  of s p e c t r a l  e q u a l i t y  must be q u a l i f i e d  be- 

c a u s e  of t h e  u n c e r t a i n t y  of ou r  knowledge of  i n t e r p l a n e t a r y  mod- 

R u l a t i o n .  A l l  of  t h e  e l e c t r o n  and nuc leon  measurements quo ted  

were made a t  abou t  t h e  same t i m e ,  s o  t h a t  t h e  c o r r e c t i o n s  needed 

t o  o b t a i n  t h e  g a l a c t i c  s p e c t r a  are a t  least  c o m p a t i b l e ;  s i n c e  

t h a t  t i m e  w a s  o n l y  a y e a r  o r  two b e f o r e  s o l a r  minimum, t h e  cor -  

r e c t i o n s  are less  s e v e r e  t h a n  o t h e r w i s e  would be t h e  case. We 

0 -  
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assume as c o r r e c t  t h e  modula t ion  model' i n  which t h e  p r o t o n s  w i t h  

Y < 2 and t h e  e l e c t r o n s  w i t h  y << lo3 have ve loc i ty -dependen t  i n -  

t e n s i t y  c o r r e c t i o n s  g i v e n  by exp(K/@).  H e r e ,  K is n o t  a c c u r a t e l y  

known, but  is b e l i e v e d  t o  be n e a r  u n i t y ,  w h i l e  (AK/KAt) is more 

a c c u r a t e l y  known t o  be about  0 . 1  p e r  year13. 

d a t a  are r e p l o t t e d  i n  F i g u r e  l b  w i t h  t h i s  c o r r e c t i o n  i n c o r p o r a t e d  

for s e v e r a l  v a l u e s  of K .  An i n t e r m e d i a t e  p r o t o n  measurement , 

asympot ic  t o  t h e  r e g i o n  where t h e  modula t ion  is r i g i d i t y  depen- 

d e n t ,  and a l s o  a f i t  t o  t h e  high-energy cosmic-ray spec t rum , 

where t h e  modula t ion  is presumably n e g l i g i b l e ,  are shown f o r  com- 

p a r i s o n .  I t  is s e e n  t h a t  t h e  p r o t o n  d a t a  demodulated w i t h  K=1.0 

f i t  a power l a w  i n  t o t a l  energy  a l l  t h e  way th rough  1 . 0 2  < Y < 100 ;  

dJ/dy = ( 1 . 1 5  - + 0 . 1 5 )  x y - 2 . 5  - + O s 1  p a r t i c l e s / c m 2 s e c  sr u n i t  Y .  

The e l e c t r o n  d a t a  are r e p l o t t e d  w i t h  t h e  K=1.0 demodula t ion  f a c t o r  

of 2 . 7  i n c o r p o r a t e d ;  t h e y  f i t  t h e  p r o t o n  spec t rum t o  w i t h i n  t h e  

e x p e r i m e n t a l  u n c e r t a i n t i e s  a n d ,  w e  n o t e ,  t h i s  f i t  is o n l y  weakly 

dependent  on t h e  c h o i c e  of  K .  ( E l e c t r o n  measurements  i n  t h e  

l o 2  < Y < l o 5  r e g i o n  are  n o t  shown; t h e  obse rved  spec t rum is less 

s t e e p  t h e r e ,  such  t h a t  a t  y = lo4  it e x c e e d s  t h e  p r o t o n  i n t e n s i t y  

by between one and two o r d e r s  of magn i tude .  T h i s  s p e c t r a l  s e p a -  

r a t i o n  may be due t o  high-energy e f f ec t s  s u c h  a s  r i g i d i t y - d e p e n d e n t  

a c c e l e r a t i o n  and m o d u l a t i o n ,  and t o  energy-dependent  s econdary  

meson p r o d u c t i o n ;  w e  b e l i e v e  t h a t  i t  d o e s  n o t  d i r e c t l y  a f f ec t  

arguments  as t o  t h e  i n j e c t i o n  and a c c e l e r a t i o n  mechanisms i n  t h e  

v e r y  low-/ r e g i o n . )  I f  w e  a c c e p t  t h e  c o n c l u s i o n  t h a t  o u t s i d e  t h e  

The 1963 nucleon  
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s o l a r  sys tem t h e  p r o t o n  and e l e c t r o n  s p e c t r a  i n  t h e  low-y r e g i o n  

8x-e e s s e n t i a l l y  t h e  same, and i f  w e  choose n o t  t o  i n t e r p r e t  t h i s  

as  a mean ing le s s  a c c i d e n t ,  t h e n  w e  are  l e d  t o  b e l i e v e  t h a t  t h i s  

obse rved  f a c t  may be of  importance i n  u n d e r s t a n d i n g  t h e  o r i g i n  of 

cosmic-ray p a r t i c l e s .  

We may c o n j e c t u r e ,  f o r  example,  t h a t  t h e s e  e l e c t r o n s  and 

p r o t o n s  have a common o r i g i n .  The shape  of t h e  demodulated spec -  

trum i n  F i g u r e  l b  is  s u g g e s t i v e  of t h e  Fermi acceleration, be ing  

a power l a w  i n  t o t a l  energy  p e r  u n i t  m a s s .  The i n t e r e s t i n g  d i f -  

f e r e n c e  between t h i s  and o t h e r  t r e a t m e n t s  "12 is t h a t  t h e s e  d a t a  

f i t  t h e  Fermi spec t rum a f t e r  t h e  c o r r e c t i o n  f o r  s o l a r  modula t ion  

is a p p l i e d  b u t  b e f o r e  t h e  u s u a l  c o r r e c t i o n  f o r  2 . 5  g cm-2 ga l ac t i c  

p a t h  l e n g t h  is a p p l i e d .  I o n i z a t i o n  l o s s e s  fo r  such  low-energy 

p a r t i c l e s  a re  s e v e r e ,  y e t  t h e  o b s e r v a t i o n s  ( a )  t h a t  t h e  e l e c t r o n s  

are n o t  s t o p p e d  due t o  i o n i z a t i o n  losses ( i n  s p i t e  of t h e i r  ex- 

c e e d i n g l y  low e n e r g i e s ) ,  (b)  t h a t  t h e s e  p r o t o n s  f i t  a power l a w  

i n  y down t o  t h e  n o n - r e l a t i v i s t i c  r e g i o n  ( a s  though i o n i z a t i o n  

l o s s e s  d i d  n o t  o c c u r ,  or were riiGi-8 t h a ~  c o u n t e r a c t e d  by acceler- 

a t i o n ) ,  and  ( c ) ,  t h a t  t h e  e l e c t r o n s  and p r o t o n s  f i t  t h e  same spec -  

trum i n  y ,  are a l l  r e s u l t s  of  t h e  Fermi model' when i o n i z e d  mater- 

% i a l  w i t h  bu lk  n e u t r a l i t y  is i n j e c t e d .  I t  is clear t h a t ,  i f  w e  con- 

s i d e r  d i s c r e t e  s o u r c e s  such  as  supernovae  or a galactic-center 

c a t a s t r o p h e ,  t h e  s o u r c e  s p e c t r a  of  e l e c t r o n s  and of p r o t o n s  would 

n o t  be m a i n t a i n e d  a f t e r  i n t e r s t e l l a r  p a r t i c l e  p r o p a g a t i o n  th rough  

2 . 5  g cm-2 t o  t h e  p o i n t  of o b s e r v a t i o n .  Given t h a t  t h e  obse rved  
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e l e c t r o n  and p r o t o n  s p e c t r a  are t h e  same, t h e  e l e c t r o n  i n t e n s i t y  

a t  t h e  discrete  s o u r c e ,  because  of t h e  i o n i z a t i o n  l o s s ,  must have 

been much g r e a t e r  t h a n  t h e  p r o t o n  i n t e n s i t y  t h e r e .  (For  example,  

a n  e l e c t r o n  observed  t o  have a y of 5.5  would have y 30 a t  i ts 

# 

. t  

o r i g i n ,  whereas a n  obse rved  p r o t o n  w i t h  t h a t  y would have s ta r ted  

w i t h  e s s e n t i a l l y  t h e  same v a l u e .  The e l e c t r o n / p r o t o n  i n t e n s i t y  

r a t i o  a t  t h e  s o u r c e  for these v a l u e s  of y would be greater t h a n  

30 ,  g i v e n  t h e  r a t i o  of u n i t y  a t  t h e  s o l a r  sys t em,  and i t  would 

become p r o g r e s s i v e l y  larger towards  lower e n e r g i e s .  For  t h e  

e l e c t r o n s  and p r o t o n s  t o  have s t a r t e d  w i t h  a v e l o c i t y - d e p e n d e n t  

i n t e n s i t y  r a t i o  s u c h  t h a t  t h e i r  t r a v e r s a l  t h rough  t h e  g a l a c t i c  

mater ia l  a c c i d e n t a l l y  g i v e s  r i se  t o  t h e  obse rved  v e l o c i t y - i n -  

dependent  r a t i o  of u n i t y  seems a n  u n l i k e l y  c o i n c i d e n c e .  An 

a l t e r n a t i v e  and a e s t h e t i c a l l y  p r e f e r a b l e  p o s s i b i l i t y  is t h a t  these 

low-energy e l e c t r o n s  are  produced i n  a d i s t r i b u t e d  manner s u c h  t h a t  

t h e  i o n i z a t i o n  l o s s e s  are  overcome by c o n t i n u o u s  i n j e c t i o n  and 

a c c e l e r a t i o n .  The Fermi model of a c c e l e r a t i o n  by c o l l i s i o n s  of 

cosmic r a y s  of mean l i f e  7 w i t h  s c a t t e r i n g  c e n t e r s  of v e l o c i t y  

V = B c  y i e l d s  a t i m e  r a t e  of norma l i zed  e n e r g y  i n c r e a s e  dy/d t  = 

B y / ~  EQy. For t h i s  ene rgy  i n c r e a s e  t o  exceed  t h e  i o n i z a t i o n  loss 

even a t  l o w  p a r t i c l e  B ,  w e  have ~y , p @ c  /dy/dXI , i n  which p is t h e  

mat ter  d e n s i t y  i n  g ~ m ’ ~  and Idy/dXl is t h e  no rma l i zed  ene rgy  loss / 

g T h i s  i n e q u a l i t y  is s o l v e d  for t h e  i n j e c t i o n  v a l u e  of Y by 

use  of t h e  cu rves  shown i n  F i g u r e  2 .  We n o t e  t h a t  Q must be i n  t h e  

2 



-3 g c m  . - -.. -26 l l u l l - r e l a t l v i s t i c ,  assuming a g a l a c t i c  v a l u e  of p = 2 x 10 

T h i s  v a l u e  is of t h e  same o r d e r  o r  s l i g h t l y  h i g h e r  t h a n  t h a t  Cy 

found" t o  be  r e q u i r e d  t o  boos t  t h e  secondary  ga lac t ic  knock-on 

e l e c t r o n s  t o  f i t  t h e  o b s e r v a t i o n s .  Ths t r a u b l ~  w i t h  t h i s  view 

of  t h e  Fermi mechanism o p e r a t i n g  down t o  s u b - r e l a t i v i s t i c  e n e r g i e s  

is t h a t  o b s e r v a t i o n s  of medium n u c l e i 1 2 '  l7 i n d i c a t e  t h a t  t h e  i n -  

t e n s i t i e s  of such  p a r t i c l e s ,  a f t e r  s o l a r  demodu la t ion ,  f i t  t h e  

same v e l o c i t y  spec t rum as  t h e  a l p h a s  on ly  a f t e r  1 t o  2 grams of 

i n t e r s t e l l a r  mater ia l  is t a k e n  i n t o  a c c o u n t .  The r e c e n t  measure- 

ments  of v e r y  heavy n u c l e i  18' '', however f i t  t h e  s a m e  s o u r c e  

spec t rum a f t e r  t h e  pas sage  through v e r y  l i t t l e  material is in -  

c o r p o r a t e d .  These d a t a  are more i n  agreement  w i t h  t h i s  i n -  

t e r p r e t a t i o n ,  a l t h o u g h  t h e  o v e r a l l  p i c t u r e  is d e f i n i t e l y  con- 

t r o v e r s i a l .  F i n a l l y ,  i f  a m e t a g a l a c t i c  o r i g i n  of  cosmic r a y s  is 

c o n s i d e r e d ,  t h e n  it  may be t h a t  e l e c t r o n s  and p r o t o n s  f i n d  t h e i r  

way t o  t h e  s o l a r  sys tem a f t e r  passage  th rough  v e r y  l i t t l e  ga lac t ic  

ma t t e r ,  such  t h a t  a power-law s o u r c e  spectrum ~ l t h  s p e c t r a l  neu t -  

r a l i t y  is p r e s e r v e d  down t o  low e n e r g i e s .  I n  t h i s  case, s i n c e  

/ I- and s i n c e  t h e  energy l o s s  p e r  g cm-2 o u t s i d e  t h e  P m g  fJg -2 

g a l a x y  is .about twice t h a t  i n s i d e ,  t h e  v a l u e  of Q'mg would be 

a b o u t  10- l7 /sec .  

I 

4 
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F i g .  1. a)  The obse rved  d i f f e r e n t i a l  ene rgy  p e r  u n i t  m a s s  s p e c t r a  

of low-energy cosmic-ray e l e c t r o n s ,  p r o t o n s  and  a l p h a s .  

The s o l i d  cu rve  is a smooth f i t  t o  a composi te  of t h e  

p r o t o n  and a l p h a  measurements 8 ,9~10 ,11  and t h e  dashed 

cu rve  is its e x t r a p o l a t  ion12.  The o t h e r  measurements 

are t h o s e  of low-energy i n t e r p l a n e t a r y  e l e c t r o n s  . 
The maximum e l e c t r o n  i n t e n s i t y  obse rved  is t h e  sum 

of t h e  two s p e c t r a  shown. 

5 

b) The same p r o t o n  d a t a  a l t e r e d  by u s e  of t h e  f a c t o r  

exp(K/B) w i t h  t h r e e  v a l u e s  of K and t h e  e l e c t r o n  d a t a  

a l t e r e d  w i t h  K = 1. I n t e r m e d i a t e  and high-energy 

p r o t o n  s p e c t r a  d e r i v e d  f r o m  i n t e g r a l  d i s t r i b u t i o n s  

are  shown f o r  comparison.  A f i t  t o  a l l  t h e s e  data  is 

dJ/dY = (1.15 - + .15)  y -  2 . 5  - + -1 p a r t i c l e s / c m 2 s e c  sr 

u n i t  y. 

The e q u a t i o n  y'= D ~ C  )dy/dX( 

v a l u e s  of t h e  parameter  a. The norma l i zed  ene rgy  a t  

which a c u r v e  f o r  y ' c r o s s e s  t h e  c u r v e  f o r  y is t h e  

i n j e c t i o n  e n e r g y ;  e l e c t r o n s  w i t h  a t  least  t h a t  y 

e x p e r i e n c e  g r e a t e r  ene rgy  g a i n  from Fermi a c c e l e r a t i o n  

t h a n  ene rgy  l o s s  from i o n i z a t i o n .  

1 4 , 1 5  

F i g .  2 .  /a p l o t t e d  f o r  s e v e r a l  

I 
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